1. Introduction {#sec1-ijms-21-03431}
===============

Nearly half of the human genome is represented by repetitive elements whose role remains largely unknown. Recent findings have brought these sequences into the spotlight of genome organization and disease development \[[@B1-ijms-21-03431],[@B2-ijms-21-03431]\]. Dumbovic et al. \[[@B2-ijms-21-03431]\] reported that 56% of the human genome was repetitive DNA, but other studies indicated higher percentages up to 69% \[[@B3-ijms-21-03431]\]. Due to their intrinsic nature of repetitive elements, their presence may cause reciprocal or nonreciprocal translocations, segmental duplications, gene amplifications and other kinds of spontaneous chromosomal rearrangements that ultimately leads to genomic instability, a hallmark of many cancers. In addition, they can induce constitutive chromosome abnormalities which underlie congenital human diseases.

Repetitive DNA can be classified into two large families, "tandem repeats" and "interspersed repeats." Each of these two families can be itself divided into subcategories. Interspersed repeats include interspersed repeats containing transposons, transfer RNA (tRNA) genes and gene paralogues, whereas tandem repeats comprise tandem repeats containing ribosomal DNA (rDNA) repeat arrays and satellite DNA \[[@B2-ijms-21-03431]\]. Satellite DNA is found in heterochromatin regions such as telomeres and centromeres, but also in the short arms of five human autosomes, 13, 14, 15, 21 and 22, identified as acrocentrics. Indeed, all 10 acrocentric chromosomes are recognized by the presence of short satellited arms that contain three bands: p11, p12 and p13. Bands p11 and p13 are composed of satellite sequences, including satellite III (sat III) and β-satellite, packaged as heterochromatin. Band p12 contains approximately 400 copies of the 43 kb rDNA repeat, containing the 18S, 5.8S and 28S rDNA subunits \[[@B4-ijms-21-03431]\]. These rDNA clusters coincide with the chromosomal context around which nucleoli form, termed the nucleolar organizer region (NOR), and with the secondary constrictions of metaphase acrocentric chromosomes \[[@B5-ijms-21-03431]\]. Distal and proximal sequences to rDNA repeat arrays are conserved among the acrocentric chromosomes, suggesting them as sites of frequent recombination. Proximal sequences are almost entirely segmentally duplicated, similarly to the regions bordering centromeres. In contrast, the distal sequence is predominantly unique to the acrocentric short arms and is dominated by a very large inverted repeat \[[@B6-ijms-21-03431]\].

Robertsonian translocations (whole arm exchanges between acrocentric chromosomes) are the most common and recurrent structural chromosome rearrangements (1 in 1000 individuals) \[[@B7-ijms-21-03431]\]. Robertsonian translocations are commonly found in two different genomic scenarios: as an evolutionary rearrangement involved in mammalian karyotypic evolution; and as a chromosomal abnormality with clinical/polymorphic meaning \[[@B8-ijms-21-03431]\]. Interestingly, comparative cytogenomics evidenced that evolutionary breakpoint regions are enriched with different types of repetitive sequences such as SINEs, LINEs, LTRs, segmental duplications and rDNA repeat arrays. In particular, several studies have highlighted that the location of rDNA clusters can rapidly change through transposition \[[@B9-ijms-21-03431],[@B10-ijms-21-03431]\]. Therefore, the rDNA clusters show several features in common with breakpoint regions: they are tandemly repeated; they are generally located in pericentromeric and subtelomeric regions; they transpose; they are subjected to high rates of intra- and inter-chromosomal recombination \[[@B9-ijms-21-03431]\]. Regarding the clinical/polymorphic meaning, loss or gain of the short arm of acrocentric chromosomes occurs without apparent phenotypic effect: in fact, the balanced form of Robertsonian translocations have no associated phenotype.

Chromosomal rearrangements involving the short arms of acrocentric chromosomes are a well-known form of chromosomal variation \[[@B11-ijms-21-03431],[@B12-ijms-21-03431]\]. In addition, translocations between the short arm of an acrocentric chromosome and the heterochromatic region of the long arm of the Y chromosome, resulting in satellited Y chromosomes, are commonly described as normal variants since 1995 \[[@B13-ijms-21-03431]\]. Non-acrocentric chromosomes with terminal satellites (ps, qs) have been described very rarely and revised by Sarri et al. \[[@B14-ijms-21-03431]\]. They arise from a translocation between the short arm of an acrocentric chromosome and the terminal region of another one. Balanced carriers of a translocation are generally unaffected. Contrariwise, individuals with unbalanced rearrangements, with loss of material from the non-acrocentric chromosome, are associated with an abnormal phenotype.

We revised eight ps and qs chromosomes, detected in individuals as de novo or transmitted in families, in order to: infer their effect on phenotype; verify the implication of homologous sequences in the rearrangements involving the partner chromosomes; possibly understand the causative mechanism. In addition, we reported two acrocentric chromosomes with a double satellited region one in canonical position and one in qtel (14qs;21qs).

Finally, we identified a mosaic condition of a jumping satellite between chromosomes 13 and 14 confirming the instable activity of all the acrocentric p arms, also in cases of normal phenotype and overall unchanged genomes.

2. Case Reports and Cytogenetics---Genomics Description {#sec2-ijms-21-03431}
=======================================================

2.1. 4qs: 2 Unrelated Cases {#sec2dot1-ijms-21-03431}
---------------------------

### 2.1.1. Case 1 {#sec2dot1dot1-ijms-21-03431}

Cytogenetic evaluation of a couple with history of fetal hydrocephaly was requested. The couple decided to interrupt the pregnancy at 23 weeks of gestation and no fetal tissue was available for karyotyping. Chromosome analysis of father's lymphocytes showed satellites on the long arm of one chromosome 4 (4qs) and the presence of one chromosome 21 without cytological satellites, both inherited from his mother. The 4qs was AgNor positive and C bands negative; fluorescence in situ hybridization (FISH) analysis did not provide evidence of centromeric α-satellite sequences of chromosomes 13--21 and 14--22 in 4qtel position, whereas a positive signal of β-satellite sequences was shown. Negative DA-DAPI staining allowed to exclude material derived from chromosome 15.

[Figure 1](#ijms-21-03431-f001){ref-type="fig"}A--C demonstrates that the chromosome 4 was complete and the translocation involved the pan-telomeric sequence of 4 and the β-satellite sequence of 21. In conclusion, a reciprocal translocation between 4q and 21p, without any transfer of 4q specific coding sequences on 21p arm, occurred.

### 2.1.2. Case 2 {#sec2dot1dot2-ijms-21-03431}

Prenatal diagnosis was requested for positive bi-test (increased risk of trisomy 13 and 21). An apparent 8p deletion was observed in fetal chorionic villus cultures. Thus, parents' peripheral blood karyotypes were investigated in order to verify if it could be the result of a balanced translocation. A 4qs was evidenced in the maternal karyotype but was not present in the fetal one. FISH analysis with specific subtelomeric probes showed the retention of specific telomeres; β-satellite sequences were also present in 4qtel. A signal, weaker than the ones located on other acrocentric chromosomes, was detected also on one 14p. In two out of 21 examined metaphases, the 4qs was in association with acrocentric p-arms. Moreover, the observation of bidimensional interphase nuclei after FISH with a β-satellite probe, identified that more than 50% of them presented two brilliant signals and a diffuse pulverization of minute signals, and only 20% showed multiple signals of discrete dimensions, demonstrating a normal nucleolar activity (data not shown).

2.2. 5qs: 1 Familiar Case {#sec2dot2-ijms-21-03431}
-------------------------

The karyotype of the couple was requested for medically assisted procreation for infertility. The male karyotype was normal whereas the woman's karyotype showed one chromosome 5 with satellites at q arm ([Figure 1](#ijms-21-03431-f001){ref-type="fig"}D). Her father resulted to be carrier of the same 5qs.

FISH analysis with specific subtelomeric probes showed correct signals on both chromosomes 5 ([Figure 1](#ijms-21-03431-f001){ref-type="fig"}E). The exchange occurred between the telomeric repeats of chromosome 5 and the DNA satellite repeats of one not identified acrocentric chromosome. The segmental duplications of telomeres 5q showed paralogue sequences in 21p11.1 and 21q11.2 regions (Figure 8), indicating that they may have mediated a pairing as intermediary of exchange. In 7% of the examined metaphases association with acrocentric p-arms was observed.

2.3. 7qs: 1 Case {#sec2dot3-ijms-21-03431}
----------------

A 4 year-old female proband was analyzed because of psychomotor retardation and facial dysmorphisms. Conventional cytogenetic analysis showed that one chromosome 7, longer than normal, had q arm with satellites ([Figure 2](#ijms-21-03431-f002){ref-type="fig"}A) and that the maternally derived chromosome 22 presented a new polymorphism ([Figure 2](#ijms-21-03431-f002){ref-type="fig"}B). The parental karyotypes were normal.

FISH with β-satellite probe showed signals on one 7qter and all acrocentric chromosomes except for one chromosome 22 ([Figure 2](#ijms-21-03431-f002){ref-type="fig"}D). FISH with specific subtelomeric probes evidenced the lack of signal on one 7q ([Figure 2](#ijms-21-03431-f002){ref-type="fig"}C), whereas the probe for all common human telomeres showed signal at the satellite of 7qs (not shown). The absence of signals for the common α-satellite probe and the specific 13/21 and 14/22 centromeric probes was also observed (not shown). The whole chromosome 7 painting showed no hybridization for the chromosomal satellite of 7qs ([Figure 2](#ijms-21-03431-f002){ref-type="fig"}E). Array CGH ([Figure 2](#ijms-21-03431-f002){ref-type="fig"}F) allowed us to define the entity of the abnormality on the 7q region: arr\[GRCh37\] 7q35q36.3(144500074_158924090)x3,7q36.3(159043902_159118707)x1. De facto this anomaly results in an inverted-duplication (invdup?) as described for 8p \[[@B15-ijms-21-03431],[@B16-ijms-21-03431],[@B17-ijms-21-03431]\]. The deleted trait is reported in database DGV (Database of Genomic Variants, <http://dgv.tcag.ca/dgv/app/home>). Moreover, no homology with other chromosomes was detected (Figure 8).

The female proband was born at 39 weeks of gestation, with caesarean section for breech presentation after an uneventful pregnancy. APGAR scores were 8 and 10 after 1 and 5 min, respectively. Low neonatal birth weight (1920 gr), and transient hypocalcemia were reported. Cyanosis and echocardiographic evidence of interatrial communication, such as ostium secundum atrial septal defect, appeared on the fourth day.

She started sitting at 7--8 months and walking at 18 months. No problems of sleep or feeding, but several episodes of respiratory infections in the first year of life (bronchiolitis and spastic bronchitis) were reported. At 2 years old, she pronounced different phonemes (not words), showed poor concentration in the game (15′ maximum), discrete manual skills, good socialization with other children, differentiated reactions with adults and good understanding.

The morphologic evaluation identified synophrys (familial), modest turricephaly, retracted auricles, stuck helix, hypoplastic lobule, single palmar groove in the right hand and clinodactyly of the fifth finger of the left hand.

Neuropsychiatric evaluation at 3 years old, showed that she had a good understanding of simple deliveries but did not easily come into contact with the examiner. The verbal language was characterized by the presence of dyslalia. Ligamentous laxity and modest global motor embarrassment were also present.

2.4. 9qs: 1 Familiar Case {#sec2dot4-ijms-21-03431}
-------------------------

The chromosome 9qs was identified in a fetus after amniocentesis requested for advanced maternal age (35 years, 2 pregnancies, 1 delivery).

The investigation extended to other family members, evidenced the same chromosome 9qs in the father ([Figure 3](#ijms-21-03431-f003){ref-type="fig"}A) and in the previous child, who undergone surgery for a modest atrio-ventricular defect at 1 year old. The father had another child with normal karyotype with a different partner. The paternal uncle was a carrier of the same 9qs and his wife had multiple miscarriages.

FISH analysis showed signals with 9q specific probe on both chromosomes 9 in normal location ([Figure 3](#ijms-21-03431-f003){ref-type="fig"}B).

All chromosomes of groups D (13, 14, 15) and G (21, 22, Y) showed cytological stalks and satellites, but in all the metaphases evaluated in both brothers no association of 9qs with acrocentric p-arms was observed, even in cultures set up years later. A very high homology segmental duplication sequence was present on 9qter and 22q11.21 (Figure 8).

2.5. 12ps: 1 Case {#sec2dot5-ijms-21-03431}
-----------------

A 31 year-old woman with three problematic pregnancies was identified. The first pregnancy resulted in the birth of a female who died after 2 h for a severe diaphragmatic hernia. The second one evolved into a spontaneous abortion at the 15th week of gestation and the third had a prenatal diagnosis of trisomy 21 followed by induced abortion. High resolution G banding analysis identified a reciprocal translocation between the p arms of chromosomes 12 and 14: t(12;14)(p12--13;p11) (data not shown). A consensus for a deeper study was not acquired.

2.6. 17ps and 17qs: 2 Unrelated Cases {#sec2dot6-ijms-21-03431}
-------------------------------------

### 2.6.1. Case 1 {#sec2dot6dot1-ijms-21-03431}

A woman requested prenatal diagnosis because of advanced age (36 years old) and fetal evidence of cystic hygroma with increase nuchal translucency (value 7.6) observed at 13th week of gestation. After chorionic villus sampling, the analysis of cytotrophoblasts (direct analysis) showed a normal male karyotype.

At the same time Array CGH analysis on placental biopsy was performed and a segmental trisomy of 17p chromosome was evidenced: arr\[GRCh37\] 17p13.3p12(1693_13611322)x3 ([Figure 3](#ijms-21-03431-f003){ref-type="fig"}C). FISH study on the cytotrophoblasts revealed that the trisomic 17p region was translocated on one chromosome 15p ([Figure 3](#ijms-21-03431-f003){ref-type="fig"}D). In the maternal karyotype a balanced translocation between 17p and 15p was identified ([Figure 3](#ijms-21-03431-f003){ref-type="fig"}E) and confirmed by FISH ([Figure 3](#ijms-21-03431-f003){ref-type="fig"}F). FISH with β-satellite probe showed a positive signal on the p-arm of the derivative 17 and the absence of signal on the derivative chromosome 15 ([Figure 3](#ijms-21-03431-f003){ref-type="fig"}G). In 9% of the examined metaphases, association with acrocentric p-arms was observed.

At 15th week of gestation, the pregnancy was interrupted and persistence of cystic hygroma was observed.

The woman had two previously pregnancies: the first, a twin pregnancy, was spontaneously aborted in the first trimester (no cytogenetically investigated); the second one had ended in a phenotypically normal female. In both cases karyotype analysis was not performed.

### 2.6.2. Case 2 {#sec2dot6dot2-ijms-21-03431}

The karyotype of the couple was requested in the context of medically assisted procreation. The husband had a normal karyotype, whereas the wife (35 years old) showed a chromosome 17 with a satellite at q25.3. Eleven percent of metaphases showed association of the 17qs with acrocentrics (data not shown). Further analyses were not performed.

2.7. 20ps and 20qs: 4 Unrelated Cases {#sec2dot7-ijms-21-03431}
-------------------------------------

### 2.7.1. 20ps Case 1 {#sec2dot7dot1-ijms-21-03431}

Amniocentesis was requested at 17th week of gestation because of advanced maternal age (39 years). All the analyzed metaphases showed a chromosome 20 with a chromosomal satellite on p arm. All the other chromosomes showed a normal morphology. The paternal karyotype was normal, while the maternal one presented the satellite on chromosome 20. FISH analysis with β-satellite probe on maternal lymphocytes evidenced no signals on 20ps, but positive signals on all the acrocentrics, except one (group D). FISH analysis using the specific subtelomeric probes of chromosome 20 revealed the presence of the signals in the correct positions (data not shown).

The conclusion was that a p acrocentric arm was translocated on a chromosome 20 without reciprocal exchange (half translocation?). The rearrangement involved only repeat sequences and the prognosis for the pregnancy was good. The baby was delivered at term and healthy.

### 2.7.2. 20ps Case 2 {#sec2dot7dot2-ijms-21-03431}

Karyotype analysis for male infertility in assisted procreation program evidenced an association of 20ps with all acrocentric chromosomes in 20% of the analyzed cells (data not shown).

### 2.7.3. 20ps Case 3 {#sec2dot7dot3-ijms-21-03431}

Karyotype analysis in a couple that required prenatal diagnosis evidenced a chromosome 20 with satellite in telomeric p arm in the male. Association of 20ps with all acrocentric chromosomes was observed in 18% of the investigated cells (data not shown).

### 2.7.4. 20qs {#sec2dot7dot4-ijms-21-03431}

A pregnant woman, after four pregnancies, but only two deliveries, requested prenatal diagnosis for maternal advanced age (39 years). Amniocentesis was performed at 16th week of gestation. Fetal karyotype showed a rearranged chromosome 20 with brilliant satellites on q arm ([Figure 4](#ijms-21-03431-f004){ref-type="fig"}A,C), negative after DA-DAPI staining. The parental karyotypes were normal. In the paternal one, a polymorphic brilliant DA-DAPI negative satellite was observed on a chromosome 22 ([Figure 4](#ijms-21-03431-f004){ref-type="fig"}B,D).

After the QFQ polymorphism study, it was evident that the fetus did not inherit the polymorphic paternal chromosome 22. It was supposed that in the fetus the paternal 22 variant was involved in a translocation with a chromosome 20. FISH analysis with the β-satellite probe showed that the 20qs was negative ([Figure 4](#ijms-21-03431-f004){ref-type="fig"}F) and the WCP20 probe did not hybridize on the satellite of the der(20) ([Figure 4](#ijms-21-03431-f004){ref-type="fig"}H). All human telomeres and chromosome 20 specific subtelomeric probes ([Figure 4](#ijms-21-03431-f004){ref-type="fig"}E,G) confirmed the hypothesis of a balanced translocation between chromosome 20 and chromosome 22. A normal female was delivered at term.

2.8. 14qs: 1 Case {#sec2dot8-ijms-21-03431}
-----------------

A chromosome 14qs was identified in the karyotype of a 44 year-old woman, investigated after repeated spontaneous abortions ([Figure 5](#ijms-21-03431-f005){ref-type="fig"}A). All acrocentric chromosomes showed the p arms stalk and satellited ([Figure 5](#ijms-21-03431-f005){ref-type="fig"}B) with the exception of the 14qs, which was never observed in association with the other acrocentrics.

2.9. 21qs: 1 Case {#sec2dot9-ijms-21-03431}
-----------------

Genetic tests were requested in the context of medically assisted procreation for infertility. The female's karyotype showed a 21qs ([Figure 5](#ijms-21-03431-f005){ref-type="fig"}C). The presence of specific subtelomeric sequences preserved the integrity of chromosome 21 ([Figure 5](#ijms-21-03431-f005){ref-type="fig"}D). It was, however, not possible to determine the origin of the supernumerary satellites. Both satellites of 21qs (p arm and q arm) were associated with all acrocentric chromosomes (29% of metaphases). All acrocentric chromosomes presented stalks and satellites in the correct position.

2.10. Satellite Jumping: 13ps vs. 14ps {#sec2dot10-ijms-21-03431}
--------------------------------------

A 33 year-old female, tested for repeated spontaneous abortions, presented a normal karyotype with a mosaic situation regarding a big and brilliant chromosomal satellite, jumping between chromosomes 13 (10 metaphases) and 14 (6 metaphases) ([Figure 5](#ijms-21-03431-f005){ref-type="fig"}E,F). The chromosome polymorphisms were concordant between the two cell lines and the contamination with other contemporaneous karyotype analyses was excluded.

2.11. Yqs: 12 Unrelated Case (2 Ynfqs) (1 invqs) {#sec2dot11-ijms-21-03431}
------------------------------------------------

Group 1---Five cases were identified in the context of medically assisted procreation for infertility. All Yqs were β-satellite positive after FISH ([Figure 6](#ijms-21-03431-f006){ref-type="fig"}A,B). One of these showed a QFQ banding non-fluorescent Y chromosome, but a brilliant band after netropsine--DAPI staining was evident ([Figure 6](#ijms-21-03431-f006){ref-type="fig"}C,D) \[[@B18-ijms-21-03431]\]. Group 2---Two males, one of which carrier of an inverted chromosome Y with satellites ([Figure 6](#ijms-21-03431-f006){ref-type="fig"}E,F), were tested because of repeated spontaneous abortions. Case 3-A Y chromosome without brilliant heterochromatin was observed in an adult male, who was investigated for a previous fetus showing a not better referred chromosomal abnormality (data not shown). Case 4---One case was detected in fetal cells. The father karyotype was investigated (data not shown). Group 5---Three cases were detected in males studied for different causes: hypostaturalism/hypoevolutism, mental retardation without a defined diagnosis and an unspecified chromosome anomaly in a consanguineous (data not shown).

2.12. Causative Mechanisms of ps--qs {#sec2dot12-ijms-21-03431}
------------------------------------

Different mechanisms are involved in ps--qs formation in our cases. In most cases the telomeric region of a chromosome may were involved in a non-allelic homologous recombination (NAHR) event with the short arm of an acrocentric chromosome ([Figure 7](#ijms-21-03431-f007){ref-type="fig"}A). NAHR is mediated by the presence of homologous repetitive sequences, such as β-satellite sequences, segmental duplications or LINE and SINE elements \[[@B19-ijms-21-03431]\].

After this rearrangement, rDNA cluster and β-satellite sequences may were translocated on another chromosome ([Figure 7](#ijms-21-03431-f007){ref-type="fig"}B). This mechanism could define the 4qs (case 2.1.2), 5qs, 17qs, 20ps (case 2.7.2), 20ps (case 2.7.3) and 21qs cases. The presence of rDNA may explain the association of ps--qs chromosomes with other acrocentric chromosomes evidenced in some metaphases. For this reason, association is characteristic only for short arms of acrocentric chromosomes. rDNA clusters coincide with the NORs and this association can be observed in normal chromosome preparations ([Figure S1](#app1-ijms-21-03431){ref-type="app"}).

In other cases, rDNA cluster remains on the acrocentric chromosome and only β-satellite sequences translocate ([Figure 7](#ijms-21-03431-f007){ref-type="fig"}C). This mechanism could describe the 4qs (case 2.1.1), 9qs and 14qs and it may were mediated by β-satellite sequences or segmental duplications ([Figure 8](#ijms-21-03431-f008){ref-type="fig"}).

In three cases (12ps, 17ps and 20qs) the ps--qs chromosomes were the result of a true translocation event. A 7qs-case was a complex rearrangement with a terminal deletion and a duplication of the subtelomeric region (invdup?, [Figure 7](#ijms-21-03431-f007){ref-type="fig"}D). In addition, a satellite at the common telomere of the rearranged q region was present, probably due to a mechanism that stabilized the invdup del(7q) through telomere capture of 22p \[[@B20-ijms-21-03431]\]. Finally, Yq did not show homologous repetitive sequences that may explain the Yqs formation. Moreover, the entire Y chromosome was reported to associate with nucleoli in a high-resolution analysis \[[@B21-ijms-21-03431]\]. This could have led to interaction with acrocentric chromosomes.

3. Discussion {#sec3-ijms-21-03431}
=============

In the cytogenomic era classical cytogenetics provides important data. The use of both molecular techniques and morphologic analyses led to deeply understand our genome "behavior", providing good diagnoses. We have already reported that the instability of the short arm of acrocentric chromosomes is well known \[[@B22-ijms-21-03431]\]. Non-acrocentric chromosomes with satellites have also been described \[[@B13-ijms-21-03431]\]. In fact, we have previously reported cases of cytological satellites in non-classical positions (1qs in a family, a case of 14qs) \[[@B23-ijms-21-03431],[@B24-ijms-21-03431]\], presenting homologous sequences between p arm of acrocentrics and recipient chromosome/region.

The data presented here take into account a larger number of cases, highlighting two important aspects: (i) acrocentric p arm breakpoints are variable and located along the whole p length; they identify a very unstable region, never involving the centromeres; and (ii) some ps or qs autosomal chromosomes display association with acrocentric chromosomes. Therefore, they must have received rDNA, whereas the others received only the cytological satellite ([Figure 7](#ijms-21-03431-f007){ref-type="fig"}A--C).

Ribosomal DNA participates in the dynamic process of nucleoli formation with telomeres and β-satellite sequences \[[@B6-ijms-21-03431],[@B25-ijms-21-03431],[@B26-ijms-21-03431]\]. The β-sequences are mapped not only on the p arm of acrocentric chromosomes, but also scattered in several autosomes, as displayed in [Figure 8](#ijms-21-03431-f008){ref-type="fig"} \[[@B27-ijms-21-03431],[@B28-ijms-21-03431],[@B29-ijms-21-03431]\].

There is a partial correspondence between the distribution of β-sequences and satellited autosomes. In fact, it was observed that the chromosomes 2, 5, 6, 7, 8, 11, 12, 16, 17, 18 do not show β-sequences despite ps--qs chromosomes were reported. Moreover, β-sequences are clearly proximal to centromeres in chromosomes 1, 3, 9 and 20, and cases of satellited chromosomes have also been described. To date, there is only one chromosome (chr 19) without the description of chromosomal satellite, despite the presence of β-sequences.

The search in UCSC Genome Browser for segmental duplications in autosomal telomeric regions led to the identification of some homologies in pericentromeric regions of acrocentric chromosomes. These autosomes do not show β-satellite sequences in their DNA content. For example, the chromosome 5 shows segmental duplications homologous to two regions of chromosome 21 (21p11.1; 21q11.2). Likewise, chromosome 17 shows telomeric segmental duplications homologous to chromosomes 15 and 22. Chromosome 9 displays pericentromeric β-sequences, but also homology between q telomere and 22q11.21 region ([Figure 8](#ijms-21-03431-f008){ref-type="fig"}).

However few things still remained unexplained. For instance, our 7qs case and the 10qs described by Sarri et al. \[[@B14-ijms-21-03431]\] do not have β-sequences, neither segmental duplications homologous to acrocentric chromosomal sequences. Both cases are complex rearrangements with a deletion of the telomeric region and a duplication of the subtelomeric one (invdup?). In addition they have satellite at the common telomere of the rearranged q region, probably due to a mechanism that stabilized the invdup.

In terms of phenotype, three different scenarios were identified ((confirmed also in published cases \[[@B14-ijms-21-03431]\]): (i) true translocation (12ps, 17ps, 20qs); (ii) normal "benign" variant (4qs, 5qs, 9qs, Yqs); (iii) complex rearrangement (7qs).

In true translocation the autosomal satellited recipient shows an interstitial breakpoint (above the telomeric region). Thus, the loss of specific telomeric sequences is observed. The acrocentric donor chromosome holds an euchromatic region derived from the autosomal partner. The phenotype can be either normal or abnormal, based on the balanced or unbalanced status of the translocation.

In case of "benign" variant, the rearrangement involves the common telomere sequences of the recipient chromosome. Conversely, the specific telomeric sequence remains at the natural location. The rearrangement involves only the repeated sequences also in case of acrocentric donor chromosome ([Figure 7](#ijms-21-03431-f007){ref-type="fig"}A--C). Subjects carrying this type of translocation show a normal phenotype. One or both derivatives can be present in a karyotype. They can be independently inherited by subsequent generations, without any apparent selective pressure.

We have recently identified two families with normal phenotypes, in which FISH analysis, with the specific subtelomeric probes of chromosomes 4q and 7q, evidenced a third signal at 13p11.2, indicating the presence of a trisomic segment \[[@B22-ijms-21-03431]\]. Being known the regulatory role of heterochromatin in the transcription silencing \[[@B30-ijms-21-03431],[@B31-ijms-21-03431]\], the localization of a segmental trisomy on the short arm of an acrocentric chromosome could explain the lack of a phenotypic effect in almost two generations of both families. It is noticeable that these variants are not identifiable by molecular karyotype.

In case of complex rearrangement, the loss of the specific telomeric region of the non-acrocentric satellited autosome is observed. The recipient appears to be involved in more than one breakage. The phenotype is abnormal.

At our knowledge, all cases of ps--qs showing pathologic phenotypes, described in literature and in this study, originated from unbalanced derivatives of balanced translocations, both de novo and familial, with the exception of the case reported from Sarri et al. \[[@B14-ijms-21-03431]\] and our case 7qs, that are complex rearrangements ([Table 1](#ijms-21-03431-t001){ref-type="table"}).

The donor chromosome of the satellites has been identified only in 39% of cases reported in the literature \[[@B14-ijms-21-03431]\] and in those reported here. Among the five acrocentric chromosomes is prominent the role of chromosomes 15 (35% of all the described cases), 13 (23%) and 21 (21%). Regarding the Yqs chromosome, it accounts for 30.2% of cases ([Table 1](#ijms-21-03431-t001){ref-type="table"}).

In our experience, the clinical indications for the diagnosis were suggestive, because the ps or qs chromosomes were detected in infancy/pediatric age in very few cases and in fetal life in one case, whereas the mean age of diagnosis in adult life was very advanced: from 33 to 47 years ([Table 2](#ijms-21-03431-t002){ref-type="table"}).

Considering that reproductive problems are the most important and frequent cause of karyotyping request in adult life, the following comes to mind: can these aberrant chromosomes influence somehow the meiotic segregation resulting in an embryo with abnormal karyotype and abortion (couples with repetitive pregnancy interruptions)? Or can they result in a block of meiosis leading to infertility)? To date, we can only speculate as we don't know have data about the real frequency of ps and qs chromosomes in a normal population.

Independently from clinical indications, the frequency of non-acrocentric satellited chromosomes appears to range from 0.02% to 0.05%, considering all the participating laboratories. Sarri et al. \[[@B14-ijms-21-03431]\] has referred a percentage of 0.02% in his department, so the frequency corresponds to our lower limit.

Other studies regarding these cases are needed to better understand the mechanisms producing these rearrangements. In this way, it will be possible to accurately predict what would happen to carriers.

4. Materials and Methods {#sec4-ijms-21-03431}
========================

4.1. Chromosome Analysis {#sec4dot1-ijms-21-03431}
------------------------

The cases were collected from five Medical Genetics Labs. All of these applied the standard methods to conduct the chromosome analysis, following the Italian Society of Human Genetics (SIGU) guidelines \[[@B32-ijms-21-03431]\] and subsequent modifications online, <https://www.sigu.net/show/documenti/5/1/linee%20guida%20e%20raccomandazioni?page=1> \[25 Feb. 2014\] \[[@B33-ijms-21-03431]\].

In summary, the PHA stimulated lymphocyte cultures were collected after 72 h and the slides were stained with QFQ banding. If necessary, all other types of staining were used (GTG, CBG, AgNOR, DA-DAPI or netropsin-DAPI). Amniocytes were cultured using standard techniques and chromosomal preparations performed both in suspension and in situ.

The karyotype was expressed following the guidelines of the International System for Cytogenomic Nomenclature 2016 (ISCN 2016) \[[@B34-ijms-21-03431]\] using software dedicated to karyotyping: CW4000 Karyo (Leica), Ikaros (MetaSystems), Chromowin (Tesi Imaging). All images were captured at 100× magnification. Some of them were then enlarged photographically.

4.2. FISH Analysis {#sec4dot2-ijms-21-03431}
------------------

Fluorescence in situ hybridization analyses were performed according the manufacturer's protocol. In particular, TotelVysion Multi-color FISH Probe kit (Vysis, Abbott Park, IL, USA) was used. This include various combinations of TelVysion, CEP and LSI probes specific to single human chromosome arms and contain loci estimated to be within 300 kb of the end of the respective chromosomes. Probes are labeled in different colors with three spectrally independent fluorophores (SpectrumGreen, SpectrumOrange e Spectrum Aqua).

Moreover, Chromoprobe Multiprobe^®^-T (Cytocell, Oxford Gene Technology, Cambridge, UK) was used. This device includes subtelomere specific probes for both the p-arm and the q-arm of one of the 23 chromosomes (except for the acrocentric chromosomes). The p-arm and the q-arm probes for each chromosome are labeled in different colors with two spectrally independent fluorophores (SpectrumGreen and SpectrumOrange).

All digital images were captured using a Leitz microscope (Leica DM RA 2 or Leica DM 5000B, Leica Microsystems GmbH, Leica Microsystems, Milan, Italy) equipped with a charge coupled device (CCD) camera (Leica Microsystems) and analyzed by means of various software (Leica CW4000 or Chromowin). All images were captured at 100× magnification. Some of them were then enlarged photographically.

4.3. Array Comparative Genomic Hybridization {#sec4dot3-ijms-21-03431}
--------------------------------------------

Array Comparative Genomic Hybridization (Array CGH) analysis, was performed using SurePrint G3 Human Microarray kit 2x400 K (for 7qs case) and SurePrint G3 Human CGHplusSNP Microarray 4x180 K (for 17ps case) following the manufacturer's instructions (Agilent Technologies, Palo Alto, CA, USA). Genomic DNA from peripheral blood samples from patients and their parents was extracted using Wizard Genomic DNA Purification Kit (PromegaTM, Mannheim, Germany) according to the manufacturer's instructions. DNA concentration was determined on a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Berlin, Germany).

The array was scanned at 2-µm/3-µm resolution using Agilent microarray scanner and analyzed using Feature Extraction v10.7 and Genomic Workbench v7.0 (Agilent Technologies) in order to read scanner image and to calculate copy number variations. Significant chromosomal aberration was determined using the algorithm ADM-2 (threshold, 5.0; absolute minimum average log2 ratio, 0.20; with at least three or more consecutive probe sets; see more detailed in \[[@B35-ijms-21-03431]\]).

4.4. UCSC Genome Browser {#sec4dot4-ijms-21-03431}
------------------------

Segmental duplications reported in [Figure 7](#ijms-21-03431-f007){ref-type="fig"} and [Figure 8](#ijms-21-03431-f008){ref-type="fig"} were collected from the UCSC genome browser (<https://genome.ucsc.edu/cgi-bin/hgGateway>) selecting only the telomeric regions of non-acrocentric chromosomes and p-arms of acrocentric chromosomes. Segmental duplications track can be found in the Repeats group.

5. Conclusions {#sec5-ijms-21-03431}
==============

Finally, we stress that our results provide evidence supporting the role of cytogenetics as an omics approach also in the era of whole genome sequencing.

The authors would like to express their very great appreciation to Chiara Cilibrasi for her valuable support in the manuscript revision.

The following are available online at <https://www.mdpi.com/1422-0067/21/10/3431/s1>, Figure S1. Examples of acrocentric chromosomes association in QFQ banded chromosome preparations.
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Click here for additional data file.
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![4qs case 1: (**A**) Quinacrine banding (QFQ) (4qs is arrowed); (**B**) specific subtelomeric probes of chromosome 4 (green p-arm, red q-arm); (**C**) β-satellite probe (arrow indicates the 4qs chromosome). 5qs: (**D**) QFQ banding (5qs is arrowed); (**E**) specific subtelomeric probes of chromosome 5 (green p-arm, red q-arm) (arrow indicates the 5qs chromosome associated with chr 21). All images were captured at 100× magnification (see materials and methods for details).](ijms-21-03431-g001){#ijms-21-03431-f001}

![7qs: (**A**) QFQ banding of chromosomes 7 (7qs on the left); (**B**) chromosomes 22 of father (left), mother (right) and proband (below); (**C**) partial metaphase after FISH with specific subtelomeric probes (green p-arm and red q-arm). Red signal is absent on one chromosome 7 (arrow). (**D**) FISH with β-satellite probe: the white arrow indicates the positive q-arm of 7qs; the gray arrow a chromosome 22 with weak signal. (**E**) partial metaphase after FISH with whole chromosome 7 painting, the arrow indicates the rearranged 7 showing the terminal q region without hybridization. All images were captured at 100× magnification (see materials and methods for details). (**F**) array CGH showing the larger duplicated and the small terminal deleted regions. The other 2 proximal variants are described as benign copy number variation (CNV) (Database of Genomic Variants, <http://dgv.tcag.ca/dgv/app/home>).](ijms-21-03431-g002){#ijms-21-03431-f002}

![9qs: (**A**) partial metaphase showing the 9qs of the father (arrow); (**B**) specific subtelomeric probes of chromosome 9 (green p-arm, red q-arm). 17ps: (**C**) array CGH showing the segmental trisomy of 17p; (**D**) FISH on partial metaphase of the fetus (direct analysis) with LIS1 specific probe (17p13.3, red signals) and FLI specific probe (17p11.2, green signals). The trisomic 17p region was translocated on chromosome 15p (red signal). (**E**) QFQ banding of 13, 14, 15, 16, 17 and 18 maternal chromosomes; (**F**) FISH on partial metaphase of the mother with LIS1 probe (17p13.3, red signals) and FLI probe (17p11.2, green signals). A balanced translocation between 17p and 15p was identified (single green and red signals). (**G**) FISH on partial metaphase of the mother with β-satellite probe: the white arrow indicates the positive p-arm of derivative 17 (in association with one chromosome **D**) and the gray arrow the negative derivative chromosome 15. All images were captured at 100× magnification (see materials and methods for details).](ijms-21-03431-g003){#ijms-21-03431-f003}

![20qs: (**A**) reciprocal translocation involving a chromosomes 20 and a chromosome 22 (GTG banding); (**B**) chromosomes 22 of whole family: father (left), mother (right) and fetus (below) showing the brilliant 22 satellites in the father karyotype, absent in fetus because translocated on 20q; (**C**) partial fetal QFQ banded metaphase with both chromosomes 20 arrowed; (**D**) partial paternal QFQ banded metaphase with both 22 arrowed; (**E**) FISH on fetal metaphase with pan-telomeric probe marked all chromosomes, included the der(20); (**F**) FISH with β-satellite probe evidenced both chromosome 22 with hybridization signals, while the der(20) was negative (arrow); (**G**) partial fetal metaphase after FISH with specific subtelomeric probes of chromosome 20 (green p-arm and red q-arm). Subtelomeric 20q red signal was on derivative chromosome 22p arm; (**H**) partial fetal metaphase after FISH with whole chromosome 20 painting: wcp20 painted all der(20), but not the satellited region, small signals of hybridization were also evident on 22 p arm. All images were captured at 100× magnification (see materials and methods for details).](ijms-21-03431-g004){#ijms-21-03431-f004}

![14qs: (**A**) partial metaphase showing the 14qs (arrow); (**B**) chromosomes 13, 14 and 15: one chromosome 14 showed the cytological satellite on q arm. 21qs: (**C**) partial metaphase showing the 21qs (arrow) in association with chr 14; (**D**) specific subtelomeric probes of 21q hybridized both chromosomes 21. Satellite jumping: metaphases showing the satellite jumping between (**E**) chromosome 13 and (**F**) chromosome 14. All images were captured at 100× magnification (see materials and methods for details).](ijms-21-03431-g005){#ijms-21-03431-f005}

![Yqs: (**A**) partial metaphase showing the satellited Yq (arrowed); (**B**) β-satellite probe signal on Yqs; (**C**) QFQ-banded Yq satellited chromosome with loss of heterochromatic region (Yqh^−^); (**D**) netropsine--DAPI staining showed the presence of a small heterochromatic region on chromosome Yqh^−^ satellited. Both metaphases (**C**,**D**) showed Yqs--acrocentrics association; (**E**) FISH on partial metaphase with SRY/CEPX probe (red and green signals): the chromosome inv(Y)(p11.2q11.23)qs showed the SRY signal in the canonical position; (**F**) FISH on partial metaphase with β-satellite probe evidenced hybridization signal at the end of the heterochromatic region of inv(Y)qs. All images were captured at 100× magnification (see materials and methods for details).](ijms-21-03431-g006){#ijms-21-03431-f006}

![Causative mechanisms of ps--qs formation. (**A**) homologous repetitive sequences in telomeric regions and acrocentric chromosomes; (**B**) first type of non-allelic homologous recombination (NAHR) (cases 4qs, 5qs, 17qs, 20ps, 20ps and 21ps); (**C**) second type of NAHR (cases 4qs, 9qs and 14qs); (**D**) 7qs complex rearrangement (invdup?) mediated by segmental duplications. Black lines: breakpoints, red lines: segmental duplications.](ijms-21-03431-g007){#ijms-21-03431-f007}

![β-Satellite clusters DNA mapping \[[@B27-ijms-21-03431],[@B28-ijms-21-03431],[@B29-ijms-21-03431]\] in a human normal male karyotype. Red spot: satellites on the short and long arms of chromosomes; for non-acrocentric chromosomes satellites are collected by literature or our cases. Green cloud: canonical beta-satellite sequences on acrocentric chromosomes; pink cloud: interspersed beta-satellite sequences on non-acrocentric chromosomes. Colored lines indicate homologous segmental duplications between telomeric regions of non-acrocentric chromosomes (except for 14qs case) and p-arms of acrocentric chromosomes; homologous tracts are shown with a line of the same color and precisely: 3q29 homologous with 13q12.11 and 21q11.2 (blue line); 5q35.3 homologous with 21p11.1 and 21q11.2 (fuchsia line); 8q24.3 homologous with 13q12.11 (fluorescent green line); 9q34.3 homologous with 22q11.21 (4 consecutive traits in the same cytogenetic band)(yellow line); 14q32.33 homologous with 15q11.1 and 15q11.2 (lilac line); 14q32.33 homologous with 21p11.2 (white line); 17q24.3 homologous with 15q11.2 and 22q11.21 (dark green line); Xq28 homologous with 22q11.1 (light brown line).](ijms-21-03431-g008){#ijms-21-03431-f008}

ijms-21-03431-t001_Table 1

###### 

Summary of cases from literature \[[@B14-ijms-21-03431]\] and described in this work.

  ---------------------------------------------------------------------------------------------------------------------------------------------
  Chromosome Recipient   Chromosome Donor                   *n of Cases (")*   Inheritance   Phenotype\        *n* of Cases\     
                                                                                             Abnormal/Normal   Balanced/\        
                                                                                                               Unbalanced        
  ---------------------- ---------------------------------- ------------------ ------------- ----------------- ----------------- --------------
  1                      13, 15, 21, D, un                  9                  3             5                 4/3               1/5

  2                      un                                 11                 2             8                 1/9               1/3

  3                      15                                 1                                1                 0/1               1/0

  4                      14, 15, 21, 14 or 22, un, 21, un   16 + 2             2             11 + 1            5/11 + 2          4 + 1/11 + 1

  5                      13, un                             1 + 1                            1 + 1             1/1               0/1 + 1

  6                      21, un                             2                                2                 1/1 \*            1/1

  7                      13, un, 22                         3 + 1              1 + 1         2                 1+1/1             2/1

  8                      un                                 1                                1                 /1                /1

  9                      13, 22, un                         3 + 1                            3 + 1             1/2 + 1           3/1

  10                     13, un                             3                                3                 2/1 °             1/1 °

  11                     22, un                             2                                2                                   

  12                     21, un, 14                         7 + 1                            7                 1 \*\*/8 + 1      2 + 1/

  13                                                                                                                             

  14                     un, un                             1 + 1                                              /1                

  15                     un                                 1                  1                               1/                

  16                     13                                 1                                1                 1/                /1

  17                     15, un, 15, un                     2 + 2              1             1 + 1             1/1               /2

  18                     13                                 1                                1                 /1                1/

  19                                                                                                                             

  20                     D, 22, un, un                      4                  1             1                 /4                2/2

  21                     un, un                             1 + 1              1                               1/1               /1

  22                                                                                                                             

  X                      21, un                             3                  2             1                 3                 1/2

  Y                      14, 15, un, un                     24 + 12            4             18 + 1            1 + 2/23 + 10 °   4/7 + 12

  total excluded Y                                          83                 15            55                25/51             22/35
  ---------------------------------------------------------------------------------------------------------------------------------------------

In "Inheritance" column the remaining cases to reach the total number are unknown. un: unknown; D: chromosome group; M: male; F: female; age: at diagnosis; \*: infertility; \*\*: short stature; °: normal phenotype, but unbalanced karyotype; ": one family with 2 brothers and 2 children. Cases presented are in red.

ijms-21-03431-t002_Table 2

###### 

Summary of cases.

  -------------------------------------------------------------------------------------------------
  Chromosome   *n* of Probands   Age of Index Case   Sex      Recipient Arm   Origin of Satellite
  ------------ ----------------- ------------------- -------- --------------- ---------------------
  4            2                 33                  XY, XX   q               21, 14

  5            1 pat             38                  XX       q               nd

  7            1                 4                   XX       q               22

  9            1 \*              fetal life          XY       q               nd

  12           1                 31                  XX       p               14

  14           1                 44                  XX       q               nd

  17           2                 36; 35              XX       p, q            15, nd

  20           3 + 1 mat         p: 35; 47; 39\      XX, XY   3 on p,\        D, 22, nd\
                                 q:39                         1 on q          nd

  21           1                 32                  XX       q               nd

  Y            12                15--47              12 XY    q               nd
  -------------------------------------------------------------------------------------------------

nd: not determined because impossible to identify; p: p chromosomal arm; q: q chromosomal arm, pat: inherited from the father, mat: inherited from the mother, \*: a family composed by 2 brothers and 2 children.

[^1]: These authors contributed equally to this work.
